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STANFORD UNIVERSITY
Department of Aeronautics and Astronautics
William F. Durand Building
Stanford, California 94305

June 1987 AFOSR.TR. 87-117%]

Dr. Anthocny Amos
AFO3R/NA

Building 40, Room A227
Eclling Air Force Base
tlashington, D.C. 20332

Sub ject: Grant AFOSR 82-0068 - Final Scientific Repeort

Publications, Personne} and R=lated Activities

Research activity under the subject grant completed
the customary five years and was brought to a ciese an
December 15, 198&. This Final Repoart is somewhat overdue
because the Principal Investigator was coverburdened with
teaching and administrative duties during Stanford®s Win-
ter and Spring Quarteirs, along with & natural reluctance tco
recognize the irreversible end to a long and productive
asscciation with an important Air Fource program.

Foeur previcus Interim Scientific Reports, as well as
the annual renewal propoasals which were submitted on the
granty have provided considerable detai' - as of their
respective dates - abaut the various research projects which
have been conducted. An unusually larce rumber of publica-
ticnss many of them now in the arcrhive literature, can be
attributed tc the grant. Accordivigly, it would be redundant
to turnish large quantities oi tecihiical material in the pre-—
sent summary, which is designec primarily to meet an admini-
strative requirement of the contract between AFOSR and Stan-
ford. What will be done; under a series of major "themes'
that constitute foci of the five year™s woark, 13 to give
briaef descriptiocns of principal contributions, mention the
responsible individuals, and l:st all publications known to
the Principal Investigator.

fo
Five Stanford doctorztez nave been earned with partia1-~~——}g-ﬁ
or full support from the grant. Drs. Douglas Bernard, t

Andreas von Flotow, Usik Lee, Donald Edberg and Elke Meier O
Gayle are now variously employed in academia, industry and d W
reseavrch laporatories. In general one can say that their 100 e
present activity bullds in significant ways on their Stan— ”1
by
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ford research. In most cases, 1t is alsc contributing to

the naticnal aerospace effort and, more specifically, to
USAF goals involving the applications of larae space struc-
tures. For exampnle, voan Flotow is Assistant Professor of
Aercnautics and Astronautics at Massachusetts In titute of
Technaologys where he works, teaches and publishes in the
fields of structural dynamics, aercelasticity and active
contral, Dr. Edberg is on the staff of Jeft Prapulsion
tabcratory, responsible for experimental studies cn active
control of flexible structures. Ir, Gayle heads a satel-
lite control-system development group at Ball Brothers, with
design objectives related to the S. D. I. program. Dr. Lee,
incidentally, recently received a faculty appocintment in his
native Repuhlic of Korea. He will be training young aero-—
space engineers for service in oene of the United States®
staunchest allied countries in Asia.

It is also werth noeting that numercus seminars and
paper presentations have stemmed from O0SR-supported re-
search. In particular participants have interacted with the
aercspace community through varicus meetings sponscored by
AlAA. There have been grant-related presentations at each of
the last five AIAR et al. Structuresz, Structwral Dynamics
and Materials Conferences, together with back—-toa-back Dyn-—-
amics Specialist Meetings. At the Rpril 1987 Z28th "5
Conference” in Monterey, CA, the Principal Investigator was
invited to chair a technical sescion and was also a member
of a panel discussions on Aerospace Education. During the
past five yvears there have been all manner of cpportunities
tfor informal contactse with aercospace sngineers, during which
informaticon has been exchanged about findings wnder the
project.

Fimnally, the subject of awards iz worth noting. At the
27th "SDM Conference” in San Antonio, TX, two doctoral stu-
dents from the Stanford groun were nresented with checks
plus pewter engraved Jefferson Geblets for cutstanding
papers. Two weeks ago the Principal Investigator was
notified by the president of the German aercspace profes-—
siunal society, DGBLR, that he will be the 1987 recipient of
the Ludwig—-FPrandtl-Ring for a lifetime of contributians to
the fields of aercelasticity and unsteady aerodynamics. This
award and the assuciated gold finger ring will be presented
at DEBLR's annual meeting in Perlin on October S, 1987. Two
vears ago the co—Frincipal Investigator, Prof. A. E. Bryscon,
Jv.s received from ASME *the Rufus Oldenburger Award - the
highest recognition given by that scciety for research in
the field of active contrel.




Traveling Waves, Dynamics and Control of Large Space
Structurea (LSS)

In 2arly phases of grant research, support was given
for completion of the PhD thesis of Dr. Bernard (Ref. 1),
which was one of Stanford’s first contributicons to the sub-
ject of active control of large, flexible structures. His
advisor, Frof Brysons has alsce presented and published
several papers on this subjects of which Ref. 2 is typical.

The Frincipal Irvestigator developed an ungoing
interest in the dynamics of LSS, with emphasis ocn the de-
viapment of suitable analytical descriptions of the "plant”
for purposes of active contral-system design and on the
possible transfer to space vehicles of methods useful Tor
medeling larges flexible aircraft in the earth’s atmosphere.
He stimulated Dr. von Flotow to undertake research centered
en the traveling-wave approcach to LS55 dynamics, which ulti-
mately resulted in an cutstanding doctaral dissertation
(Ref. 3). The publications flcwing froem this activity and
from von Flotew™s ongoing werk on this and related subjects
at Stanford, at DFVLR Oberpfaffenhofen in FRG and at MIT
are almost too numercus to list. References 4 through 10 are
typical examples. It can be stated, without exaggeraticn,
that tnis man’s influence on the understanding of LSS dyn-—-
amics has been a3 groat as that of any cother aingle indivi-

dual during the past five years.

Alang with Professor E. Crawley of MIT, Professor L.
Meirovitch of VPISU and cothers,s the Principal Investigator
has been called upon to advise NASA and cther federal agen-—
cies regarding R.&D. activity relevant to LS5S. One inter-
action of this wind gave rise to the investigation which
resulteg in Ref. 11.

Passive Damping in Materials and Structures Suitable
for LSS Application

Ancther topic which arcused the Principal Investi-
cator’s interest in the early 1980°s was the possibility
of predicting the inherent energy-dissipatien character-
istics of structures and materials under dynamig excita-
tien. A review of the varicus possible mechanisms contri-
buting to this phenomenon led tao the identificaticon of
thermoelastic damnping as the mest universal mechanism
and one that might be expected to set lower bounds for
what would cccur in practice.
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The results of these early studies were delivered at
an AIAA meeting and ultimately published as Ref. 12. A cer-
tain amount of consternation was produced in the damping
vezearch community, whose emphasis was on active damping
and the develcopment of special materials and systems for
augmenting it. by the idea that inherent dissipation irn a
structure might cften be adequate for purposes of control
exxcept in the presence of larges rapid disturbances.

In any event.s this thread of damping s.udies result-
ed in baoth thecoretical and experimental doctoral research
by students in the Stanford group. Dr. Lee completed in 1984
(Ref. 13) a comprebensive and very schelarly study of twe
interesting damping mechanisms: thermcoelastic and electro-
magnetic. The focrmer showed that considerably larger criti-
cal rativs might be expected ir structures involving flexu-
ral deformation of two-dimensicnal elements like plates and
shells than in cne-dimensicialy beam-like configurations.,
The latter concluded that ferro—magnetic materials like
steel al.oys might be able to furnish substantial dissi-
paticns hbut only in the presence of impused magnetic fields.
Hence the LSS application has limited promise. Lee’s work
has subseguently been presented and published in Ref. 14,
among other places.

With help from Boeing Aerocepace Company. which sup-—
plied several plate and beam specimens of varicus composite
materialss . Edberg carried cut and described iwn the dis-—
sertation i(Ref. 15) a very aeriginal laboratory study on the
modal damping of typical aercspace structural systems. He
was alse indebted to Frof. Harris of MIT for the lean of two
aluminum beams which were alsc tested. It is regretted that
space limitaticons here prevent a full description of
Edberg’s research methodolegy and results. In a large vacuum
chamber supplied by MNASA Ames Research Center he launched
a large number of specimens repeatedly and conducted what
are prcocbably the most precise measurements in history of
critical damping ratios asscciated with vibration in their
lower frae-free natural vibration sodes.

Twe of Edberg®s many findings perhaps deserve special
menticn. On an aluminum beam, he accurately verifisd the
theary of "aerodynamic damping.”" He showeg that 1t could be
three or four times as large as that inherent in the struc-
ture, thus emphasizing the necessity of tests in vacuum
facilities relevant to LSS design. Secondly, he discovered
for several plate specimens that measured critical rvatics
are two or more times what might be expected on the basis of
theory (e, g., Ref. 13). This discrepancy is believed to be
a significant cne. and 1t has not yel been explained by stu-
dents of the subject. Typical publications based on Ref. 15
will be found in Refs. 16-18s the last of which describes
Tollow—on work on thermal conticl of vibration which he
performed while at JPL.,




Conrtrol of Rigid and Flexible Manipulator Arms

In the Guidance and Centrel grous of Stanford®s
Department of Aercnautics and Astronauticsy under the lea-
devrship of Department Head R. H. Carnnocns Jv.,s, there has
existed since the early 19260°'s a tradition on research on
active contral of flexible beams and cother elastic struc-
tures. FEecently this has moved toward application in two
fields: rebotics and space systems. Some of the latter is
relevant to LS8 as suchs whersas other portions deal with
manipulatoer arms typified by the Space Shuttle RMS.

Building on the basic methodoloagy developed by Wein- -
rebh (Ref. 19) and recently with grant support supervised by
Frof, Brysony, Dr. E. H. Meier (now Gayle) completed an 1n-
vestigaticon (Ref B0O) concerning such manipulators. Her sub-
ject was the adaptation of coptimal analysis of robots with
rigid linke to cover the more realistic case of flexible
ma2mhers. The chjective was to bring abocut minimum—time dig~—
placement of the robot™s tip from orne poesition to anciher
within its range of cperaticn. It was found that in practi~
cal cases soc—-called '"bang-bang" operatiocn o¢f the robot’s
jeint torques yields performance essentially as good as
what can be a2chieved with (much more analytically-complex)
continuous variation of these torques. Thereby a great sim—
nlification is achieved in carvying cut the ocpitimization.

Refererice 20 describes an algorithm which is a modi-
fication of the stevpest-descent method used in vptimal
programming. The algorithm assumes that the contrals are
always at their bounding values and finds the times at which
they must switch from cne bound to the ather in order to
find the best soluticon to the mimimum—time problem. A dis-—
tinguishing feature is that variations in the control are
considered only at discrete times - the nominal switch
times.

The new algorithm was applied to a two~1link arm with
twe torque control inputs. Exact control switch times were
foeund for a large number of repositicning maneuvers. Of
special interest was the discovery that the minimum time
reaches a sort of "plateau" when the translation approaches
the limits of the arm’s cperatirg range. The algerithm was
fur ther extended to include cpen initial conditions, and
full specifications were prepared for generalizing the
methodology to flexible, two-link robot arms. This last
would have become the subject of a new doctoral research
project had OSR support been continued beyond the five-
vear period.

u
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